About 80% of the aminoacid sequence of dogfish (Squalus acanthius) M4 lactate dehydrogenase (EC 1.1.1.27) has been elucidated. Several sequence homologies with peptides from pig H4 and pig M4 lactate dehydrogenase are identified. Histidine 195 is homologous to the essential histidine residue in pig H4 lactate dehydrogenase. Similarities in the sequence around the "essential" cysteine residue of lactate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, and yeast and liver alcohol dehydrogenases are delineated.
Lactate dehydrogenase is a tetrameric, NAD-requiring enzyme. The subunits are identical and have a molecular weight of 36,000 (1) ; no cooperative effects of the subunits have been demonstrated (2, 3) . At least two types of lactate dehydrogenase are found in significant amounts in most species; the M4 isozyme predominates in skeletal muscle and the H4 isozyme in more aerobic tissues such as heart and kidney cortex (4, 5) . The two types are distinguishable from one another by electrophoresis, aminoacid composition, immunological methods, and kinetic properties (5) (6) (7) . They show significant differences in their response to substrate inhibition, and this difference may be the basis of distinct physiological roles (5, 8) . Many lactate dehydrogenases have been characterized to varying extents, and it appears that homologous isozymes of the same enzyme type from various species are more similar in their properties to each other than are the two corresponding forms in any one given species. Nevertheless, mixed hybrids of M and H subunits are observed in vivo (4, 5) and can be readily formed in vitro (9) suggesting a considerable degree of structural similarity between the two proteins. The sequence reported here has been elucidated for the M4 isozyme from dogfish (Squalus acanthius) muscle. This same dogfish M4 isozyme has been characterized by x-ray diffraction (10) (11) (12) (13) , and the correlation of the aminoacid sequence with the crystallographic structure will be discussed in more detail (33) .
The enzymatic activity of lactate dehydrogenase is inhibited by most sulfhydryl reagents, and there are four functionally significant cysteine residues per tetramer (14) . A dodecapeptide containing this cysteine residue has been sequenced from several lactate dehydrogenases (1, 15, 16) . The sequences of the N-terminal 18 residues of dogfish M4 lactate dehydrogenase (1), of several small peptides from pig H4 lactate dehydrogenase (17) , and of a peptide containing an essential histidine residue have been reported (11, 18) . Preliminary evidence for involvement of one, and possibly as many as three, arginine residues (19) and of one tyrosine residue (20, 21) per subunit in enzymatic activity has been presented.
MATERIALS AND METHODS
Purification and Peptide Isolation. Dogfish M4 lactate dehydrogenase was purified by the procedure of Pesce et al. (6) . An aminoacid analysis of this protein is given in Table 1 . Before proteolytic digestion, the homogeneous protein was carboxymethylated in 10 mM Tris HCl (pH 8.3)-0.5 mM EDTA-8 M urea with a 2-fold excess of [14C]iodoacetic acid for 4 hr at room temperature (240), followed by extensive dialysis. The sequence was determined primarily from peptides isolated after tryptic and chymotryptic digestion. Thirty-five tryptic peptides were purified and sequenced out of an expected 40 pflptides; the remaining peptides were partially sequenced. The carboxymethylated lactate dehydrogenase was also treated with maleic anhydride, which specifically blocks the lysine residues (22) . Tryptic digestion of this maleated protein yields 10 peptides, seven of which were completely sequenced. Finally, the peptide fragments resulting from treatment with cyanogen bromide (23) were characterized. Since there are 11 methionine residues per subunit, 12 peptides should be obtained after cyanogen bromide treatment; the sequence of 10 of these peptides was elucidated.
All sequencing was done by the dansyl-Edman procedure (24) . Dansyl-amino acids were identified by thin-layer chromatography on 4 X 4 inch polyamide sheets (25) . Aminoacid compositions were determined on a Beckman model 120C amino acid analyzer. Peptides were purified by numerous methods, including both Sephadex and ion exchange column chromatography, paper electrophoresis at pH 6.5, 1.9, 3.5, and 8.9, and paper chromatography in butanolacetic acid-water-pyridine 15:3:12: 10. Amide identification was based on electrophoretic mobilities at pH 6.5 (26) .
The Numbering of the Polypeptide Chain is that proposed by Rossmann et al. (11) based on the 2.5-A map of the apoenzyme. Subsequent improvement of the crystallographic resolution (13) as well as sequence information has shown that residues 21, 82, and 104 in the amino terminal region should be deleted and an extra residue should be inserted at position 245. The total number of residues is therefore somewhat less than the 331 originally proposed. Nevertheless, until the entire sequence is complete, this numbering scheme shall be adhered to. Of the tentative total of 329 aminoacid residues per subunit, 263 are reported here in three portions: the amino terminal region (1-115), residues 134-205, and the carboxy terminal region (253-331). where only the composition has been established. Four CNBr fragments from this region were also characterized, and with these peptides, eight of the 12 overlapping regions of the tryptic peptides were determined. Identification of the acetyl substitution of the amino terminal threonine was confirmed by nuclear magnetic resonance spectroscopy of the peptide acetyl-Thr-Ala-Leu*.
This first third of the molecule is involved primarily in coenzyme binding. In addition, the section extending from residue 98-114 forms the loop that differs significantly in Conformation in the crystal structures of the apoenzyme and ternary complex (11) . It is interesting to note that two of the tryptic peptides in this portion of the polypeptide chain, T-12 and T-13, are homologous to peptides isolated from pig H4 and M4 lactate dehydrogenase (17) (Fig. 2) .
Aminoacid Residues 134-205. This region (Fig. 3 ) appears to contain many of the residues important 'for lactate and pyruvate binding. An unusual feature of the total sequence is the uneven distribution of arginine residues. Each subunit contains only nine arginine residues, and this fragment contains four of these arginines in a cluster of consecutive arginine tryptic peptides. The order of these fragments was established by a single cyanogen bromide peptide.
The "essential" cysteine residue is found in this region and from x-ray crystallographic data was identified as residue 165 (11) . The tryptic peptide containing this cysteine has been isolated from several different lactate dehydrogenases, including both M4 and H4 isozymes, and in all cases the sequence has been closely conserved (15, 16) . If a single deletion is assumed to have occurred in the lactate dehydrogenase sequence, a reasonable comparison can be made of the sequence of this peptide with the sequence sumrounding the "essential" cysteine in yeast alcohol dehydrogenase (27) , horse-liver alcohol dehydrogenase (27, 28) , and glyceraldehyde-3-phosphate dehydrogenase (29, 30) (Fig. 4) . If, in addition, consideration is given to those amino acids whose codons may be related by a single nucleotide base change in the mRNA sequence (16) , the similarities in the sequences of these peptides become even more apparent. The correlation of functionally similar amino acids is also reasonably good. In lactate dehydrogenase the "essential" cysteine is not one of the most reactive cysteines in the molecule (16) Carboxy-Terminal Sequence (253-331). Nine tryptic peptides were isolated and sequenced from the C-terminal region of the protein (Fig. 6) . Chymotryptic peptides established the overlapping portion of six of the peptides. Three cyanogen bromide fragments accounted for the final 69 residues of this region, and with these cyanogen bromide peptides the order of the remaining tryptic peptides was determined.
This sequence is compared with the known C-terminal sequence of pig H4 lactate dehydrogenase (32) (Fig. 7) . Eleven of the final 14 residues are identical. An insertion in (29) , pig muscle (29) , and rabbit muscle (30) . the pig H4 sequence after residue 317 maximizes the homology; nevertheless, it is clear that the sequence becomes more divergent in the region extending from residue 306-314.
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CONCLUSION
Although the sequence in two regions of the molecule remains to be confirmed, it is already possible to align the known sequence of dogfish M4 lactate dehydrogenase with the crystallographic structure. From the crystallographic data and various chemical and kinetic information it has also been possible to identify precisely many of the specific residues important for substrate and coenzyme binding. A preliminary comparison of sequence homologies between dogfish M4 and pig H4 and M4 lactate dehydrogenase suggests that the similarities may be extensive even though they are different types isolated from different species.
